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Spatial and Functional Relationships Among Pol V-Associated Loci, Pol IVDependent siRNAs, and Cytosine Methylation in the Arabidopsis Epigenome
Abstract
Multisubunit RNA polymerases IV and V (Pols IV and V) mediate RNA-directed DNA methylation and
transcriptional silencing of retrotransposons and heterochromatic repeats in plants. We identified
genomic sites of Pol V occupancy in parallel with siRNA deep sequencing and methylcytosine mapping,
comparing wild-type plants with mutants defective for Pol IV, Pol V, or both Pols IV and V. Approximately
60% of Pol V-associated regions encompass regions of 24-nucleotide (nt) siRNA complementarity and
cytosine methylation, consistent with cytosine methylation being guided by base-pairing of Pol IVdependent siRNAs with Pol V transcripts. However, 27% of Pol V peaks do not overlap sites of 24-nt
siRNA biogenesis or cytosine methylation, indicating that Pol V alone does not specify sites of cytosine
methylation. Surprisingly, the number of methylated CHH motifs, a hallmark of RNA-directed de novo
methylation, is similar in wild-type plants and Pol IV or Pol V mutants. In the mutants, methylation is lost
at 50%–60% of the CHH sites that are methylated in the wild type but is gained at new CHH positions,
primarily in pericentromeric regions. These results indicate that Pol IV and Pol V are not required for
cytosine methyltransferase activity but shape the epigenome by guiding CHH methylation to specific
genomic sites.
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Spatial and functional relationships among
Pol V-associated loci, Pol IV-dependent
siRNAs, and cytosine methylation
in the Arabidopsis epigenome
Andrzej T. Wierzbicki,1,8 Ross Cocklin,2,3,8 Anoop Mayampurath,4,8 Ryan Lister,5,9
M. Jordan Rowley,1 Brian D. Gregory,5,10 Joseph R. Ecker,5,6 Haixu Tang,4 and Craig S. Pikaard2,3,7,11
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Multisubunit RNA polymerases IV and V (Pols IV and V) mediate RNA-directed DNA methylation and
transcriptional silencing of retrotransposons and heterochromatic repeats in plants. We identified genomic sites of
Pol V occupancy in parallel with siRNA deep sequencing and methylcytosine mapping, comparing wild-type
plants with mutants defective for Pol IV, Pol V, or both Pols IV and V. Approximately 60% of Pol V-associated
regions encompass regions of 24-nucleotide (nt) siRNA complementarity and cytosine methylation, consistent
with cytosine methylation being guided by base-pairing of Pol IV-dependent siRNAs with Pol V transcripts.
However, 27% of Pol V peaks do not overlap sites of 24-nt siRNA biogenesis or cytosine methylation, indicating
that Pol V alone does not specify sites of cytosine methylation. Surprisingly, the number of methylated CHH
motifs, a hallmark of RNA-directed de novo methylation, is similar in wild-type plants and Pol IV or Pol V
mutants. In the mutants, methylation is lost at 50%–60% of the CHH sites that are methylated in the wild type
but is gained at new CHH positions, primarily in pericentromeric regions. These results indicate that Pol IV and
Pol V are not required for cytosine methyltransferase activity but shape the epigenome by guiding CHH
methylation to specific genomic sites.
[Keywords: DNA-dependent RNA polymerase; gene silencing; DNA methylation; epigenetics; short interfering RNA;
RNA-directed DNA methylation]
Supplemental material is available for this article.
Received June 2, 2012; revised version accepted July 2, 2012.

RNA polymerases IV and V (Pols IV and V) are plantspecific, specialized forms of Pol II that evolved through
duplication and subfunctionalization of Pol II subunit
genes (Luo and Hall 2007; Huang et al. 2009; Ream et al.
2009; Tucker et al. 2010). Unlike Pols I, II, or III, Pols IV
and V are not essential for viability but play important
roles in transposon taming, defense against pathogens
and invading nucleic acids, and RNA-mediated interalle-
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lic communications involved in paramutation (Haag and
Pikaard 2011).
Pol IV and Pol V functions are best understood with
respect to their roles in the RNA-directed DNA methylation pathway (Herr et al. 2005; Kanno et al. 2005b;
Onodera et al. 2005; Pontier et al. 2005), in which 24nucleotide (nt) siRNAs specify sites of de novo cytosine
methylation by DRM2 (DOMAINS REARRANGED
METHYLTRANSFERASE 2). DRM2 methylates cytosines in all sequence contexts: CG, CHG, or CHH (where
H is a base other than G) (Cao and Jacobsen 2002).
Methylation at CG and CHG motifs, which are symmetrical with respect to the anti-parallel strands of duplex
DNA, can then be maintained by the MET1 and CMT3
cytosine methyltransferases, which modify newly replicated daughter strands to match the methylation pattern
of the parent strand (Finnegan et al. 1996; Ronemus et al.
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1996; Lindroth et al. 2001). However, nonsymmetrical CHH
methylation is thought to require de novo methylation by
DRM2 in each cell cycle. In the current model for the
RNA-directed DNA methylation pathway (Fig. 1), Pol
IV generates transcripts that are made double-stranded
through the action of an RNA-dependent RNA polymerase, RDR2 (RNA-DEPENDENT RNA POLYMERASE 2)
(Xie et al. 2004). The resulting dsRNA precursors are diced
by DICER-LIKE 3 (DCL3) and loaded into ARGONAUTE 4
(AGO4) or closely related argonaute proteins (Qi et al.
2005, 2006; Zheng et al. 2007; Olmedo-Monfil et al. 2010).
Independent of Pol IV transcription and siRNA biogenesis,
Pol V generates transcripts at target loci with assistance
from DRD1 (Kanno et al. 2005a; Wierzbicki et al. 2008),
a putative chromatin remodeling ATPase; DMS3 (Kanno
et al. 2008; Wierzbicki et al. 2009), a protein related to the
hinge domain of cohesins and condensins; and RDM1, an
ssDNA-binding protein with a preference for methylated
DNA (Gao et al. 2010; Law et al. 2010). These latter three
activities associate within the so-called DDR complex,
named for the first initials of the component proteins
(Law et al. 2010). AGO4 can be cross-linked to Pol V
transcripts, suggesting that Pol V noncoding RNAs serve
as ‘‘scaffolds’’ to which AGO4–siRNA complexes bind
through RNA–RNA base-pairing (Wierzbicki et al.
2009). AGO4 can also interact with the C-terminal
domain of the Pol V largest subunit, presumably stabilizing the complex through protein–protein interactions (Li
et al. 2006; El-Shami et al. 2007). Subsequent recruitment
of DRM2 and other chromatin-modifying machinery may
be mediated by RDM1, which apparently has functions
apart from the DDR complex based on its ability to
physically interact with AGO4 and DRM2, which have
not been detected in the DDR complex (Gao et al. 2010).
RDM1 may thus be a key bridging protein that recruits
DRM2 to AGO4–siRNA–Pol V transcript complexes,
thereby facilitating the de novo cytosine methylation
of Pol V transcribed loci.
A prediction of the model above, which is based on
a relatively small number of loci, is that de novo cytosine
methylation occurs at sites where Pol IV-dependent 24-nt
siRNAs coincide with Pol V transcripts (Wierzbicki et al.
2008). To test this model genome-wide, we conducted Pol
V ChIP-seq (chromatin immunoprecipitation [ChIP] followed by deep sequencing) to identify sites of Pol V
occupancy and also carried out genome-wide bisulfite

mapping of methylcytosine positions in parallel with
small RNA deep sequencing (RNA-seq) in wild-type, Pol
IV mutant, Pol V mutant, or Pol IV/V double-mutant
plants. Collectively, these data sets allow the degree of
congruence between sites of Pol V transcription, small
RNA biogenesis, and cytosine methylation to be evaluated. We show that the majority of Pol V-associated loci
overlap sites of 24-nt siRNA biogenesis and cytosine
methylation, in agreement with the current model. However, approximately one-quarter of Pol V peaks occur at
loci (mostly genes) lacking significant cytosine methylation or siRNA signatures. Among the loci associated with
Pol V are genes encoding proline- and glycine-rich proteins enriched for a consensus sequence, CCNCCNCC
NCC (or its complement, GGNGGNGGNGG), which is
detected at least once within 50% of all Pol V peaks.
However, this sequence alone is not necessary or sufficient to explain genomic sites of Pol V occupancy. Interestingly, we found that the occurrence of methylated
CHH sites in the genome is not abolished in Pol IV or Pol
V mutants or their double mutant but is shifted to new
positions concentrated in the pericentromeric regions.
These results suggest that the occurrence of CHH methylation does not require Pol IV or Pol V activity but is not
guided properly, thereby disrupting silencing of transposons and other elements subjected to RNA-directed
DNA methylation.
Results
Pol V ChIP-seq
To identify genomic loci associated with Pol V, we conducted ChIP-seq using an antibody that recognizes a
C-terminal domain of the Pol V largest subunit NRPE1;
similar sequences are not present in RNA Pol I, II, III, or
IV. ChIP-seq was conducted using both wild-type (ecotype
Col-0) plants and an nrpe1-null mutant (nrpe1-11) that
lacks Pol V. By comparing these data sets, we identified
high-confidence regions of Pol V occupancy (Pol V peaks),
defined as positions where signal to noise ratios (i.e.,
signals in wild type vs. nrpe1 mutant) yielded an estimated false discovery rate no higher than 4%. According
to this criterion, 1157 high-confidence Pol V peaks were
identified (Supplemental Table S1), including previously
identified Pol V transcribed loci, such as IGN5 (Fig. 2A).
Figure 1. A model for RNA-directed DNA methylation in Arabidopsis thaliana. RNA Pol IV transcripts
are used as templates by the Pol IV-interacting protein
RNA-DEPENDENT RNA POLYMERASE 2 (RDR2).
DICER-LIKE 3 (DCL3) cleaves resulting dsRNAs into
24-nt siRNA products, one strand of which is loaded
into an ARGONAUTE 4 (AGO4) RISC complex.
Independent of siRNA biogenesis, the DDR complex
enables transcription by RNA Pol V, whose nascent
transcripts serve as scaffolds for the binding of
AGO–RISC complexes. AGO4 also interacts with the
C-terminal domain of the Pol V largest subunit and
RDM1. In turn, RDM1 interacts with the de novo
DNA methyltransferase DRM2.
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Figure 2. Pol V ChIP-seq and evidence for Pol V transcription at associated loci. (A) Browser views for a subset of genomic regions
associated with Pol V, identified by ChIP-seq. Individual reads corresponding to the two DNA strands are represented by green or red
horizontal bars. Annotated genes or transposable elements (TEs) are shown. (B) RT–PCR detection of Pol V-dependent transcripts at the
Pol V peak loci shown in A.

Pol V peaks are similarly distributed among the five
nuclear chromosomes (281 peaks on chromosome I, 215
on chromosome II, 236 on chromosome III, 171 on chromosome IV, and 254 on chromosome V) and range in size
from 414 base pairs (bp) to 3175 bp, with an average peak
spanning 1165 bp (Supplemental Table S1). No Pol V peaks
were detected in the chloroplast or mitochondrial genomes,
consistent with Pol V’s nuclear localization (Onodera et al.
2005; Pontier et al. 2005; Li et al. 2006; Pontes et al. 2006).
The validity of Pol V peaks identified by ChIP-seq was
tested for a subset of representative loci using RT–PCR
and ChIP-qPCR. Figure 2A shows genome browser displays of ChIP-seq results for seven Pol V peaks, including
the known Pol V transcribed locus IGN5 (Wierzbicki
et al. 2008). At each of these Pol V peak regions, transcripts
detected by RT–PCR in wild-type (Col-0) plants are lost or
substantially reduced in nrpe1 mutants (Fig. 2B), consistent with Pol V transcription of these loci. Quantitative
ChIP–PCR assays also confirm that Pol V associates with

these loci as well as with the well-characterized Pol Vregulated transposon loci AtSN1 and soloLTR (Supplemental Fig. S1).
Spatial relationships among Pol V peaks, cytosine
methylation, and small RNAs
In parallel with Pol V ChIP-seq, we mapped genome-wide
positions of cytosine methylation and conducted deep
sequencing of small RNAs in wild type (Col-0); Pol IV
mutants (nrpd1); Pol V (nrpe1) mutants; or double mutants resulting from disruption of the gene encoding the
second subunit of both Pols IV and V, nrp(d/e)2.
Cytosine methylation mapping was conducted using
inflorescence DNA and sodium bisulfite treatment to
convert unmethylated cytosines to uracil. Comparison of
Illumina sequencing data for bisulfite-treated and untreated DNA allows the positions and frequency of methylcytosines to be determined genome-wide. The bisulfite
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conversion efficiency, assessed by the number of converted
versus unconverted cytosines for the unmethylated chloroplast genome, was between 99.10% and 99.43% for all
samples (Supplemental Table S2). Sequence reads were
filtered so as to include only those reads that uniquely
mapped to the Arabidopsis thaliana Col-0 ecotype (strain)
reference genome and to eliminate artifacts arising from
clonal duplication during library preparation and PCR
amplification, as previously described (Lister et al. 2008).
For all libraries, the nuclear genome was represented
by ;22 million unique, nonclonal reads with an average
read length of 48 bases and an average coverage of five
reads per base (Supplemental Table S3). This analysis
identified 2,410,770 unique methylated cytosines in the
nuclear genome of Col-0, representing 5.6% of all nuclear
cytosines, consistent with prior studies (Lister et al. 2008).
Of these methylated cytosines, 55% are in the CG context,
27% are in the CHG context, and 18% are in the CHH
context, where H represents A, C, or T (Supplemental
Table S4). The number of methylated cytosines is only
slightly reduced in the mutants relative to Col-0, with
2,313,395 methylcytosines mapped in nrpd1-3, 2,206,736
mapped in nrpe1-11, and 2,166,470 mapped in nrp(d/e)2.
Small RNAs were identified by Illumina sequencing
using libraries of size-fractionated 15- to 30-nt small
RNAs purified from inflorescence tissues. Consistent
with previous reports (Zhang et al. 2007; Mosher et al.
2008), Pol IV is required for the production of >90% of all
24-nt siRNAs, and Pol V reinforces or amplifies siRNA
levels at ;50% of siRNA producing loci (Supplemental
Tables S5–S8).
Coordinated display of the Pol V ChIP-seq, methylcytosine mapping, and siRNA-seq data sets using the AnnoJ
genome browser platform allows relationships between
sites of Pol V occupancy, cytosine methylation, and small
RNAs to be visualized (http://neomorph.salk.edu/pol_
epigenomes/browser.html). A representative browser
display is shown in Figure 3A for the RathE2 SINE
retrotransposon locus At2TE82000. Transcription of
this element is suppressed in wild-type plants (Col-0),
but silencing is lost in the nrpe1 Pol V mutant (Fig. 3B,
cf. first and second lanes). A transgene expressing NRPE1
fused to a C-terminal Flag tag restores silencing of the
transposon in the nrpe1 mutant background (Fig. 3B, third
lane). As can be seen in the browser display, a region of
high methylcytosine density coincides with a hot spot of
24-nt siRNA production, and reductions in these siRNAs
in the nrpd1, nrpe1, and nrp(d/e)2 mutants correlates with
decreased cytosine methylation at the locus, primarily in
CHH and CHG contexts.
For locus At2TE82000 (Fig. 3A), the cytosine methylation and small RNA hot spots are centrally located
within the Pol V peak. This is generally the case genomewide (Fig. 3C). To generate the Figure 3C histogram, all
Pol V peaks that associate with small RNAs and cytosine
methylation were subdivided into five bins, each comprising 20% of the Pol V peak region. The number of
small RNAs and methylcytosines within each bin was
then tallied. This analysis reveals that small RNAs and
methylcytosines occur most frequently near the middle
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of Pol V peaks (bin 3) and are least abundant at the edges
of the Pol V peaks (bins 1 and 5).
Most, but not all, Pol V peaks overlap sites of siRNA
biogenesis and cytosine methylation. A focus on CHH
methylation, the hallmark of de novo cytosine methylation, shows that 56% of all Pol V peaks overlap sites of
both CHH methylation and 24-nt siRNA complementarity (Fig. 3D). Only 1% of Pol V peaks (12 peaks) overlap
sites of CHH methylation but not 24-nt siRNAs. Collectively, these results fit the model’s prediction that CHH
methylation occurs where Pol V transcripts and 24-nt
siRNAs coincide (see Fig. 1).
At 8% of Pol V peaks, 24-nt siRNAs are generated, but
CHH methylation is not found (Fig. 3D). An example is
the IGN23 locus overlapping the AT4TE12070 transposon
and AT4G05030 gene. Small RNAs uniquely mapping at
low abundance to this Pol V peak region in wild-type
plants (six 24-nt, four 23-nt, and one 21-nt small RNAs)
are not detected in Pol IV or Pol V mutants. All methylation at IGN23 is in the CG and CHG contexts and
persists in Pol IV or Pol V mutants (Supplemental Fig. S2).
At 35% of the Pol V peaks, neither CHH methylation
nor 24-nt siRNAs are detected. This fraction decreases
to 27% if total methylcytosine (CG, CHG, and CHH) is
considered, and not just CHH methylation (Fig. 3D, cf.
the two pie charts). This decrease is due primarily to Pol
V’s association with CG or CHG methylated sites, but
not CHH sites, at 8% of the Pol V peaks, including
IGN23 discussed above. Other examples include transposons and pericentromeric repeats that are silenced by
Pol V in collaboration with MET1 (the CG maintenance
methyltransferase) and the SWI2/SNF2-like chromatin
remodeling ATPases DDM1 and DRD1, but independent of Pol IV, RDR2, DCL3, AGO4, or DRM2 (Pontes
et al. 2009).
Sequence motifs at Pol V-associated loci
We examined annotated elements that lie within or
overlap Pol V peaks to estimate Pol V’s prevalence for
associating with transposons or genes. Among the 1157
high-confidence Pol V peaks, 565 include or overlap at
least one transposon (annotated in Supplemental Table
S1). Of these, 455 (81%) are associated with CHH methylation and 24-nt siRNAs (Fig. 3E), both of which are
hallmarks of RNA-directed DNA methylation in facultative heterochromatin. Pol V peaks also overlap genes in
724 cases (annotated in Supplemental Table S1), the majority of which (54%; 392 cases) lack associated CHH methylation or complementarity to 24-nt siRNAs (Fig. 3E).
However, 260 (36%) of the gene-associated Pol V peaks
are associated with CHH methylation and 24-nt siRNAs,
primarily due to the fact that in 245 cases, the Pol V peaks
also overlap at least one transposon, as in the case of the
AT4TE12070 transposon and AT4G05030 gene discussed
above (Supplemental Fig. S2). Another example is the
AT3G51820 gene that has the AT3TE77985 transposable
element inserted in its promoter region such that Pol IVand Pol V-dependent siRNA biogenesis and CHH methylation occurs in this region.
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Figure 3. Correlations among Pol V peaks, cytosine methylation, and 24-nt siRNAs. (A) Example of Pol V ChIP-seq, DNA
methylation, and small RNA data tracks displayed in the AnnoJ browser for the region including the SINE element AT2TE82000.
(B) RT–PCR analysis of AT2TE82000 expression in wild type or an nrpe1 mutant or nrpe1 mutant recused by an NRPE1 transgene. (C)
Genomic Pol V peaks were subdivided into five bins, each corresponding to 20% of the peak. The numbers of methylcytosines (in
different contexts) or 24-nt siRNAs within each bin are plotted. (D) Pie chart depicting the relationships among 24-nt siRNAs,
methylcytosines in CHH motifs, or total methylcytosines within Pol V peaks. (E) The number of Pol V peaks overlapping transposons
or genes among the blue or red subclasses of Pol V peaks shown in D (for CHH methylation) is shown.

We searched for sequence motifs that might be enriched within Pol V peaks using the motif-finding tools
BioProspector (Liu et al. 2001) and BioOptimizer (Jensen
and Liu 2004). Two 10-nt motifs that are complementary
to one another were identified as top-scoring hits using
BioProspector: C(T/A)CC(A/T)CC(A/T)CC and GG(T/C)
GG(T/A)GG(A/T)G) (Fig 4A). Using this initial motif,
BioOptimizer identified a 1-nt-longer motif, CC(T/A)
CC(A/T)CC(A/T)CC and GG(T/C)GG(T/A)GG(A/T)GG,
as the best-scoring motif among all optimizations. The
11-bp position weight matrix of this motif was used for
motif pattern searching using PATSER. Fifty percent

(578) of the Pol V peaks have at least one consensus motif,
and 27 Pol V peaks include 20 or more motif copies.
Twenty-three of these 27 loci correspond to genes encoding
glycine-rich or proline-rich proteins (Fig. 4B), which fits
with the CCN/GGN repeats of the consensus motif being
codons for proline or glycine, respectively. CHH methylation is not detected at most of these proline- or glycine-rich
genes; however, low-abundance Pol IV-dependent 24-nt
siRNAs are detected at some of these genes, as at the
proline-rich protein gene AT1G26250 (Fig. 4C). Twentytwo small RNAs perfectly match the At1g26250 sequence;
11 of these small RNAs uniquely match At1g26250,
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Figure 4. Motifs enriched at Pol V peak regions. (A) Complementary sequences that were identified using BioProspector as being
overrepresented at Pol V-associated loci. (B) Number of consensus repeats (vertical axis) within the 1157 Pol V peaks (horizontal axis).
Peaks overlapping genes encoding proline- or glycine-rich proteins are colored black or rust, respectively. (C) AnnoJ browser tracks of
the region surrounding AT1G26250, a gene encoding a proline-rich protein with 115 copies of the CNCCNCCNCC motif. (D) Histone H3
Lys 9 and Lys 14 acetylation at the AT1G26250 and ACTIN2 genes in Col-0, nrpe1, or nrpe1 complemented with an NRPE1-Flag transgene.

whereas the remainder might also map to other locations
in the genome. At the At1g26250 locus, nrpe1 mutants
have elevated levels of Histone H3 Lys 9 and Lys 14
acetylation, which are marks of an active transcriptional
state. Complementation of the nrpe1 mutant with an
NRPE1 transgene under the control of its own promoter
returns H3K9 and H3K14 acetylation to wild-type levels
(Fig. 4D). In contrast, at a control locus encoding ACTIN2,
H3K9 and H3K14 acetylation are unaffected in nrpe1
mutants. Thus, Pol V may play some role in affecting
histone modifications independent of DNA methylation,
which is unchanged in nrpd1, nrpe1, or nrp(d/e)2 mutants
relative to wild type at AT1G26250 (Fig. 4C).
In addition to motif finding, we performed gene ontology (GO) analysis for genes associated with Pol V peaks.
Only two GO terms were significantly enriched; namely,
genes encoding ‘‘structural constituent of cell wall’’ and
‘‘protein homo-oligomerization’’ proteins. In total, 25 Pol Vassociated genes fell into these two groups. Fifteen encode
proline-rich proteins that are a subset of the ‘‘structural
constituent of cell wall’’ GO category (89 genes), and 10
encode glycine-rich proteins that are a subset of the
‘‘protein homo-oligomerization’’ GO category with 61
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members, (Supplemental Tables S9–S11). The coding regions of Pol V-associated genes in these two GO categories
are internally repetitive (see dot plots in Supplemental Fig.
S3) and enriched for the proline- or glycine-encoding C(T/A)
CC(A/T)CC(A/T)CC or GG(T/C)GG(T/A)GG(A/T)G
motifs. Importantly, ‘‘structural constituent of cell wall’’
or ‘‘protein homo-oligomerization’’ proteins are diverse, and
many are not proline- or glycine-rich or Pol V-associated.
To visualize the spatial distribution of Pol V peaks and
consensus motifs on the five chromosomes, we plotted the
frequency of their occurrence within a 500-kb sliding window along each chromosome (Fig. 5). Pol V peaks are depleted at the presumptive centromere regions (depicted by
the blue vertical bars in Fig. 5) but are otherwise distributed
throughout the chromosomes, averaging approximately
four high-confidence Pol V peaks per 500 kb but ranging
from zero to 11 peaks per 500 kb. Pol V is enriched at the
heterochromatic knob of chromosome 5 (denoted by a black
oval in Fig. 5) but is not similarly enriched at the knob on
chromosome 4 (also denoted by a black oval in Fig. 5).
The C(T/A)CC(A/T)CC(A/T)CC motifs are present
throughout the chromosomes, with only occasional concordance with sites of Pol V enrichment. Importantly, the
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Figure 5. Genome-wide distribution of Pol V and
a Pol V-associated motif. The number of Pol V (black
line) and Pol V-associated motifs (red line) within
a 500-kb fixed window is plotted for each chromosome. Data were normalized relative to the highest
value position for each chromosome and smoothed
using spline interpolation. Light-blue shading indicates the approximate position of each centromere.
Black circles mark the approximate position of heterochromatic knobs on chromosomes 4 and 5.

consensus motif is present 65,071 times in the genome,
outnumbering high-confidence Pol V peaks ;60-fold. Moreover, 50% of all high-confidence Pol V peaks lack the motif.
Therefore, despite being the only motif significantly enriched among the Pol V peaks, we conclude that the motif is
not necessary or sufficient to explain Pol V recruitment.
Effects of Pol IV and Pol V mutations on siRNAs
and methylcytosine positions
Small RNAs and DNA methylation in all sequence
contexts are most abundant in the pericentromeric regions
of Arabidopsis chromosomes (Lu et al. 2005; Zhang et al.
2006). Our sequencing analyses of siRNAs in wild-type,
Pol IV mutant (nrpd1), Pol V mutant (nrpe1), and Pol IV/V
double-mutant [nrp(d/e)2] plants are consistent with these
prior studies, showing that siRNAs corresponding to
pericentromeric regions are the most abundant and are
dramatically lost in these regions in nrpd1 and nrp(d/e)2
mutants (Fig. 6A). In contrast, siRNA abundance in Pol V
mutants (nrpe1) resembles wild type, although siRNA
abundance is somewhat reduced, especially in the chromosome arms beyond the pericentromeric regions. In
nrp(d/e)2 mutants, which are defective for both Pols IV
and V, chromosomal profiles of 24-nt siRNA abundance
resemble those of nrpd1 mutants, attributable to the absence of Pol IV activity.
Analysis of bisulfite-mediated genomic sequencing
data reveals that the sequence context in which methylated cytosines occur is similar in wild type and nrpd1,
nrpe1, and nrp(d/e)2 mutants (Fig. 6B; Supplemental Table
S4). Because bisulfite conversion of unmethylated cytosines to uracils alters the GC content of DNA fragments,

thereby affecting the read depth achieved by Illumina
sequencing, we considered for these analyses only those
cytosines covered by at least six reads but no more than
10 reads on both DNA strands. This filtering eliminates
bias arising from unusually high or low sequencing depth
of any particular cytosine.
Interestingly, the proportion of cytosine methylation in
CG, CHG, or CHH contexts genome-wide is nearly identical in wild-type (Col-0), nrpd1 (Pol IV), nrpe1 (Pol V), or
nrp(d/e)2 (double mutant) plants, with 55%–58% of all
methycytosines occurring in the CG context, 27%–28%
occurring in the CHG context, and 15%–18% occurring in
the CHH context (Fig. 6B). In fact, 98% of the methylated
CG dinucleotide positions in wild type were unchanged
in nrpd1, nrpe1, and nrp(d/e)2 mutants, as shown in the
Venn diagrams of Figure 6C. For instance, comparison
of the wild-type and nrpd1 data sets showed that 926
methylcytosines in CG motifs were lost in the nrpd1
mutant, and 464 were gained, but 40,082 methylcytosine
positions were unchanged. Similarly, 84%–88% of methylcytosines in CHG contexts were unaffected by the loss
of Pol IV, Pol V, or both Pol IV and Pol V (Fig. 6C). CHH
methylation was most affected by the mutations eliminating Pol IV or Pol V, with ;50%–55% of CHH methylcytosine positions in wild type losing their methylation
in the nrpd1, nrpe1, or nrp(d/e)2 mutants. However, the
total number of methylcytosines in the CHH context is
not substantially altered in the nrpd1, nrpe1, or nrp(d/e)2
mutants, due to the ectopic occurrence of CHH methylation at thousands of new cytosine positions (Fig. 6C). In
total, 47%–53% of the CHH methylcytosines in nrpd1,
nrpe1, or nrp(d/e)2 mutants correspond to cytosines that
were not methylated in wild-type Col-0.

GENES & DEVELOPMENT

1831

Downloaded from genesdev.cshlp.org on July 11, 2017 - Published by Cold Spring Harbor Laboratory Press

Wierzbicki et al.

Figure 6. Pol IV- and Pol V-dependent small RNAs and DNA methylation. (A) Chromosomal distribution of uniquely mapping small
RNAs within a 500-kb sliding window, shown for chromosomes 1 and 5. Wild-type Col-0 and nrpd1, nrpe1, and nrp(d/e)2 mutants are
compared. Peak heights are normalized relative to the highest level detected for each chromosome. (B) Relative amounts of
methylcytosines in CG, CHG, or CHH contexts (where H represents A, C, or T) in wild-type Col-0 and nrpd1, nrpe1, or nrp(d/e)2
mutants. (C) Venn diagrams comparing the number and genomic positions of methylated cytosines in CG, CHG, or CHH contexts in
wild-type Col-0 and nrpd1, nrpe1, or nrp(d/e)2 mutants. (D) Chromosomal distributions of methylated CH, CHG, or CHH sites, shown
for chromosomes 1 and 5. Wild-type Col-0 and nrpd1, nrpe1, and nrp(d/e)2 mutants are compared using a 500-kb fixed window size.
Peak heights are normalized relative to the highest level detected for each chromosome.

To visualize where losses and ectopic gains in cytosine
methylation occur, we compared the chromosomal distributions of CG, CHG, and CHH methylation in wild
type versus nrpd1, nrpe1, or nrp(d/e)2 mutants (Fig. 6D).
CG and CHG methylation profiles are essentially unaffected in the Pol IV or Pol V mutants compared with
wild type. However, Pol IV and Pol V mutants show
increased CHH methylation in the pericentromeric regions and decreased CHH methylation in the chromosome arms (see also Supplemental Fig. S4). Collectively,
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the results of Figure 6 indicate that Pol IV and Pol V are
not required for the catalytic activities of cytosine methyltransferases acting at CG, CHG, or CHH motifs but are
important for guiding CHH methylation to selected sites.
Discussion
By combining Pol V ChIP-seq data with small RNA-seq
and methylcytosine mapping in Pol IV, Pol V, and Pol IV/
V double mutants, several new insights relevant to RNA-
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directed DNA methylation and the spatial control of
cytosine methylation have emerged. With respect to our
current model for siRNA-directed DNA methylation (see
Fig. 1), the majority of Pol V-occupied sites in the genome
fit with the basic tenets of the model, with Pol V peaks
typically spanning regions where CHH methylation and
complementarity to Pol IV-dependent 24-nt siRNAs occurs. siRNAs and cytosine methylation are most abundant near the center of the Pol V peaks, consistent with
the hypothesis that long Pol V transcripts serve as scaffolds for the recruitment of chromatin-modifying machinery via siRNA–Pol V transcript base-pairing (Wierzbicki
et al. 2008, 2009). Previous work has shown that production of Pol V transcripts is not dependent on 24-nt
siRNA biogenesis or Pol IV function, suggesting that Pol
IV and Pol V generate their transcripts independently
(Wierzbicki et al. 2008). The present study, showing that
Pol V-associated regions are broader than the zones of siRNA
biogenesis, is also consistent with this conclusion.
Although most of the overlap between Pol V and
cytosine methylation occurs at sites of CHH methylation
and 24-nt siRNA biogenesis, ;7% of Pol V peaks correspond to sites where CG or CHG motifs are methylated,
but CHH methylation and 24-nt siRNAs are not detected.
One possibility is that de novo cytosine methylation by
DRM2, which can methylate cytosines in any sequence
context, initially methylated these loci in an RNA-directed
fashion, but the symmetrical CG and CHG methylation has
since been maintained by MET1 and CMT3. However, we
previously identified loci that are silenced by Pol V in
partnership with DRD1 (which is required for Pol V transcription), MET1, and DDM1 but independent of proteins
required for 24-nt siRNA-directed DNA methylation,
including Pol IV, RDR2, DCL3, AGO4, or DRM2 (Pontes
et al. 2009). These results indicate that Pol V plays a role
at loci silenced by maintenance methylation in addition
to its roles at loci silenced by de novo methylation.
At some sites where Pol V peaks do not coincide with
sites of cytosine methylation, active cytosine demethylation may be occurring, thus counteracting RNA-directed
DNA methylation. For instance, Pol V peak #111, on
chromosome 1 and overlapping AT1G31690 (see Supplemental Table S1), is not associated with DNA methylation or small RNAs in Col-0. However, CHH and CG
methylation is detected in this region in a triple mutant
defective for the DNA glycosylases ros1, dml2, and dml3
(http://neomorph.salk.edu/epigenome/epigenome.html),
involved in the active removal of methylated cytosines
(Lister et al. 2008). Cytosine methylation can also feed
back on siRNA production such that cytosine demethylation might also mask sites capable of siRNA generation.
A potential locus where this might occur is Pol V peak
#576 on chromosome 3 (see Supplemental Table S1), which
overlaps 11 methylated CHH motifs yet lacks detectable
24-nt siRNAs in wild-type Col-0. In the rdd demethylase
triple mutant, eight distinct 24-nt siRNAs produced from
the region overlapping the CHH methylation are detected
(http://neomorph.salk.edu/epigenome/epigenome.html).
However, at many of the Pol V-associated regions that
do not correspond to sites of CHH methylation or siRNA

biogenesis, there is no evidence for cryptic cytosine methylation or increased siRNA production as revealed by the
rdd demethylase triple mutant.
Interestingly, transposons and genes within Pol V peaks
differ with respect to the hallmarks of RNA-directed
DNA methylation; namely, CHH methylation and the
occurrence of 24-nt siRNAs. Transposons within Pol V
peaks typically display these hallmarks, whereas Pol Vassociated regions that lack CHH methylation and small
RNA signatures (refer to Fig. 3E) are heavily biased toward
genes. Therefore, Pol V association does not predispose a
locus to RNA-directed DNA methylation. Instead, recruitment of Pol IV in order to generate precursors for 24-nt
siRNAs is more likely to be critical.
Our search for consensus sequences that might be
common to Pol V-associated loci revealed only one motif
that was enriched to a statistically significant extent;
namely, C(T/A)CC(A/T)CC(A/T)CC or its complement,
GG(T/C)GG(T/A)GG(A/T)G. Consistent with CCN and
GGN being codons for proline or glycine, respectively,
a number of genes encoding proline-rich or glycine-rich
proteins are enriched for the motifs, and Pol V associates
with these loci. However, the putative consensus sequences are absent at >50% of Pol V peaks, either within
the peak region or within 200 bp upstream or downstream, and are present >65,000 times in the genome,
suggesting that the motif is not necessary or sufficient to
explain genomic sites of Pol V occupancy or recruitment.
Thus, it remains unclear how or why Pol V is recruited to
specific genomic locations. The possibility that chromatin features, rather than DNA sequences, are key to Pol V
recruitment cannot be excluded.
A noteworthy aspect of Pol V’s association with proline-rich ‘‘structural constituent of cell wall’’ proteins is
that two genes encoding extensins (proline-rich cell wall
proteins) were previously identified in a subtractive hybridization screen for genes regulated by DRD1 (Huettel
et al. 2006), a putative chromatin remodeler that facilitates Pol V transcription (Wierzbicki et al. 2008). One of
these extensin genes, At1g21310, is associated with a Pol
V peak, consistent with DRD1 and Pol V playing some
role at the locus.
Numerous studies have shown that loss of Pol IV or Pol
V activity causes a loss of CHH methylation at specific
sites, including methylation-sensitive restriction endonuclease sites, and results in the failure to silence a variety of transposable elements. However, our study shows
that ;50% of methylated CHH positions do not require
Pol IV or Pol V, particularly in the pericentromeric heterochromatin (Supplemental Fig. S4). These data fit with a
previous study in which a cmt3 drm1 drm2 triple mutant
was shown to retain a substantial level of CHH methylation, especially in the pericentromeric heterochromatin,
which suggests that MET1 or another uncharacterized
cytosine methyltransferase enzyme can methylate CHH
motifs in the absence of CMT3 or DRM activity (Cokus
et al. 2008). Unexpectedly, we also found that the total
number of methylated CHH motifs is little changed in
nrpd1, nrpe1, or nrp(d/e)2 mutants relative to wild-type
plants as a result of the occurrence of new, ectopic sites of
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CHH methylation in the mutants that are similar in
number to the Pol IV/V-dependent sites of CHH methylation. This suggests that Pol IV and Pol V play a role in the
targeting of CHH methylation to specific sites but not in
the overall activity of cytosine methyltransferases responsible for CHH methylation. The majority of CHH methylation occurs in pericentromeric regions, and, in the
absence of Pol IV and Pol V guidance, CHH methylation
is even more concentrated in these regions. How and why
CHH methylation persists and even accumulates at pericentromeric regions in the absence of Pol IV and Pol V
guidance is unclear. However, these regions are enriched
in heterochromatin, suggesting that interactions between
cytosine methyltransferases and other chromatin-modifying
enzymes or chromatin modifications may be responsible.
Materials and methods

72°C; followed by a final incubation for 10 min at 72°C. Reactions were frozen for $1 h at 20°C, then thawed at room
temperature. After centrifugation at 20,000g for 5 min, the upper
(oil) phase was discarded, and the emulsion PCR products were
extracted by adding 0.5 mL of water-saturated diethyl ether,
vortexing for 10 sec, centrifugation at 20,000g for 5 min, and
discarding of the upper (diethyl ether) phase. Diethyl ether
extraction was repeated once, after which 1 mL of watersaturated chloroform and 100 mL of H2O were added to the
aqueous solution, vortexed for 10 sec, and centrifuged at
20,000g for 5 min. The top, aqueous phase was removed,
retained, and purified using the MinElute PCR purification
kit (Qiagen).
Small RNA library construction
Total RNA was isolated from immature (unopened) flower buds
using the RNeasy Plant minikit (Qiagen). Small RNAs were
enriched from the total RNA and small RNA sequencing
libraries generated as described previously (Lister et al. 2008).

Access to epigenomic data sets
The nine data sets for the Pol V ChIP-seq, small RNA-seq, or
bisulfite-sequencing experiments conducted in this study are
accessible via the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) sequence read
archive, accession number SRA054962.
Pol V ChIP and ChIP-seq library generation
Pol V ChIP was performed as described previously (Wierzbicki
et al. 2009), except that protein A Dynabeads were used to
capture antibody–Pol V complexes. ChIP quantitative PCR
analyses were performed as described previously (Wierzbicki
et al. 2008). ChIP-seq libraries for sequencing were prepared
following standard ChIP-seq library generation protocols from
Illumina.
MethylC-seq library generation
Genomic DNA was extracted from immature (unopened) flower
buds using the DNeasy Plant minikit (Qiagen), and 5 mg was
fragmented by sonication to 50–500 bp with a Bioruptor (Diagenode). Sheared ends were repaired (End-It DNA End Repair kit,
Epicentre) using a nucleotide triphosphate mix free of dCTP,
followed by 39 A-tailing with 0.2 mM dATP and 15 U of Klenow
fragment of DNA polymerase and ligation of 10 mL of single-read
methylated adapters (Illumina) using 15 U of of T4 DNA ligase
(New England Biolabs). Adapter-ligated genomic DNA of 150–
200 bp was isolated from a 2% (w/w) agarose gel, and sodium
bisulfite conversion was then performed using the MethylEasy
Xceed kit (Human Genetic Signatures) according to the manufacturer’s instructions. Library amplification was performed by
emulsion PCR as follows: 20% of the bisulfite-converted,
adapter-ligated DNA molecules was mixed with 13 PfuTurbo
reaction buffer, 4% v/v DMSO, 100 mg/mL BSA, 0.2 mM dNTPs,
0.5 mM primer 1.1, and 0.5 mM primer 2.1 in a final volume of
196 mL. After incubation for 3 min at 72°C, 10 U of PfuTurboCx
Hotstart DNA polymerase (Stratagene) was added, mixed, and
incubated for 5 min at 72°C, then cooled to room temperature.
The PCR reaction was then added to 400 mL of oil surfactant
solution (4.5% [v/v] Span80, 0.4% Tween80, 0.05% Triton
X-100, 95.05% mineral oil) while mixing with a magnetic stirrer
to form an emulsion. PCR was performed on 50-mL aliquots of
the emulsion overlaid with mineral oil as follows: 5 min at 94°C;
then 40 cycles of 1 min at 94°C, 30 sec at 65°C, and 3 min at
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MethylC-seq data analysis
MethylC-seq sequencing data was processed, filtered, aligned to
the TAIR9 reference genome, and analyzed to identify sites of
DNA methylation as described previously (Lister et al. 2008),
except reads that contained more than three cytosines in a nonCG context were not discarded. The sodium bisulfite nonconversion rate was calculated as the percentage of cytosines
sequenced at cytosine reference positions in the chloroplast
genome.
Sequencing read alignment and processing
All small RNA-seq reads that contained at least five bases of the
39 adapter sequence were selected, and the adapter sequence was
removed, retaining the trimmed reads that were 16–37 nt in
length. These processed reads were aligned to the A. thaliana
reference genome (TAIR9) with the Bowtie alignment algorithm
using the following parameters: solexa-quals e 1 l 20 n 0 a m
1000-best-nomaqround. Consequently, any read that aligned
with no mismatches and to no more than 1000 locations in the
reference genome sequence was retained for subsequent analysis. Read alignment of ChIP-seq data to the A. thaliana reference
genome (TAIR9) was performed with the ELAND algorithm.
Pol V peak calling and bioinformatic analyses
The software tool MACS version 1.4 was used to find enriched
regions in the ChIP-seq data (Zhang et al. 2008). Col-0 was used
as the treatment, and nrpe1-11 was used as the control, thereby
ensuring detection of enriched regions in Col-0 that were absent
in the Pol V mutant. MACS was developed for the prediction of
binding sites using ChIP-seq data. The tool models tag distribution in the enriched sample (Col-0) as a Poisson distribution and
measures the enrichment with respect to the background (nrpe111). MACS also determines false positives by inverting the
treatment and control files and calculates false discovery rate
for a particular P-value cutoff. The default values for most MACS
parameters were used, except for genome size (set to 150 Mb) and
the ‘‘shifting model’’ (turned off). This resulted in detection of
1157 enriched regions or ‘‘peaks’’ with a reported false discovery
rate ranging from 0% to 4% at a P-value cutoff on 1310 5.
The DNA sequence for each of the 1157 regions of Pol V
enrichment were extracted from the TAIR9 genome annotation
and submitted to BioProspector and BioOptimizer for motif finding
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(Liu et al. 2001; Jensen and Liu 2004). The entire genome was used to
construct a background model that was also given to BioProspector,
which uses a Gibbs sampling technique for motif detection. The
motif width was set to 10 bp. A second tool, BioOptimizer, was
used to further validate the motifs detected (Jensen and Liu 2004).
BioOptimizer takes the output of BioProspector, varies the length
of the detected motif, and reports a consensus sequence with
a final score. Five similar consensus sequences were reported,
out of which the consensus sequence with the greatest difference
between final and null score was used for further analyses. The
position weight matrix (PWM) of the motif cCtCCaCCacc was
given as input to Patser, and motif searching across the entire
genome was accomplished using default settings (Hertz and
Stormo 1999). FatiGO (http://babelomics.bioinfo.cipf.es) was
used for GO analysis of genes overlapped by Pol V peaks.
RT–PCR
RT–PCR detection of Pol V-dependent transcripts was performed
using primers listed in Supplemental Table S12 and as previously
described (Wierzbicki et al. 2008). For RT–PCR analysis of transcription at the AT2TE82000 locus, 1 mg of RNA was digested with
DNase RQ1 (Promega) following the manufacturer’s instructions.
RNA was reverse-transcribed using random hexamer primers and
SuperScript III RT (Invitrogen) following the manufacturer’s instructions. One microliter of the resulting cDNA was amplified
with GoTaq Green master mix (Promega) and the primers listed in
Supplemental Table S12.
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